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For information regarding this article, E-mail: johnzhang3910@yahoo.com or fenghua8888@vip.163.com immediately after aneurysm rupture to 72 hours, has been considered a primary target for treatment. Apoptosis of neuronal cells is believed to contribute to early brain injury after SAH (3, 4) .
Progranulin (PGRN) is a 589-amino acid-secreted glycoprotein consisting of 7.5 repeats of a highly conserved 12-cysteinyl granulin motif in rodents (5, 6) . In the periphery, PGRN involves in diverse pathophysiologies, such as wound healing, inflammation, tumorigenesis, and development (7, 8) . In CNS, PGRN was found to be mainly expressed on neurons and PGRN expression in neurons increased as the cells mature (9) . PGRN mutations are linked to frontotemporal lobar degeneration (FTLD), a form of disease characterized by severe neuronal loss in frontal and temporal brain regions of adult patients (10, 11) . PGRN may function as a neurotrophic factor to enhance neuronal survival (12) because PGRN administration rescued cortical neurons from cell death induced by glutamate or oxidative stress in vitro (13) . Furthermore, PGRN deficiency promoted neuron loss following toxin-induced injury (14) .
A potential role of PGRN in stroke has not been systematically investigated. For instance, PGRN-deficient hippocampal slices are hypersusceptible to microglial activating agents in oxygen glucose deprivation model (15) , and PGRN expression decreases after middle cerebral artery occlusion and rat recombinant PGRN (r-PGRN) inhibits neutrophil infiltration (16) . A direct neuroprotective effect of PGRN has not been established in either cerebral ischemia or brain hemorrhage animal models. Therefore, we investigated the neuroprotective effect of PGRN in a SAH rat model. 
MATERIALS AND METHODS

Animals
SAH Model and Experimental Protocol
The endovascular perforation model of SAH in rats was performed as reported previously (17) . Briefly, with 3% isoflurane anesthesia, a sharpened 4-0 monofilament nylon suture was inserted rostrally into the left internal carotid artery from the external carotid artery stump and perforated the bifurcation of the anterior and middle cerebral arteries. Sham-operated rats underwent the same procedures except 
Intracerebroventricular Drug Administration
Intracerebroventricular drug administration was performed as previously described (18) . Briefly, rat was placed in a stereotaxic apparatus under 2.5% isoflurane anesthesia. The needle of a 10-μL Hamilton syringe (Microliter 701; Hamilton Company, Reno, NV) was inserted through a burr hole into the right lateral ventricle at the following coordinates relative to bregma: 1.5 mm posterior, 1.0 mm lateral, and 3.2 mm below the horizontal plane of the skull. r-PGRNs (1 ng/5 μL and 3 ng/5 μL) were injected at 1.5 hours after SAH induction by a pump at the rate of 0.5 μL/min, respectively. In order to enhance the gene silence efficiency, three different PGRN siRNAs were mixed: 1) 5′GCUGUCCUUCUAACAAUACCUGCTG 3′; 2) 5′GGGCU-AACGACUAAAGAACUCCACA 3′; 3) 5′GGUUGGGAAU-GUGGAAUGUGGUGCC 3′, three different SORT1 siRNAs were mixed: 1) 5′AGGACCUACACUAAAGAAAGCAGGG 3′; 2) 5′AGAUAGCACUCAGGAACAAAGGCTG 3′; 3) 5′GGGCUAUAAAGAGCAGUUCCUACGG 3′. And 500 pmol/3 μL PGRN siRNA, SORT1 siRNA, and scrambled siRNA were injected at 1 day before SAH induction by a pump at the rate of 0.5 μL/min. The needle was kept in place for an additional 15 minutes after total infusion. Finally, the incision was closed with sutures.
SAH Grade
The severity of SAH was blindly evaluated using the SAH grading scale at the time of euthanasia as previously reported. Seventeen rats with mild SAH (SAH grades ≤ 7 at 24 hr) were excluded from the study (19) .
Neurologic Score
Neurologic score was evaluated at 1 hour before euthanized by a blinded observer according to the 18-point scoring system described by Garcia et al (20), with modifications.
Brain Water Content
Brain was removed at 24 or 72 hours after surgery and separated into left hemisphere, right hemisphere, cerebellum, and brain stem. Each part was weighed immediately after removal (wet weight) and once more after drying in 105°C for 72 hours. The percentage of water content was calculated as (wet weight − dry weight)/wet weight (21) .
Immunofluorescence Staining Double-fluorescence labeling was performed as previously described (17) . Sections were incubated overnight at 4°C with Critical Care Medicine 
Western Blot
The left brain hemispheres (perforation side) were harvested and processed as previously described (22) . Equal amounts of protein (50 μg) were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis and then transferred onto nitrocellulose membranes. Membranes were incubated with the respective primary antibodies: rabbit polyclonal anti-PGRN (1:1,000) (Santa Cruz Biotechnology), rabbit polyclonal anti-CC3 (1:1,000) (Cell Signaling Technology, Danvers, MA), mouse monoclonal anti-extracellular signal-regulated kinase (ERK) 1/2 (1:1,000) (Cell Signaling Technology), mouse monoclonal antiphosphorylated ERK1/2 (1:1,000) (Cell Signaling Technology), rabbit polyclonal antiAkt (1:1,000) (Cell Signaling Technology), rabbit polyclonal antiphosphorylated Akt (1:1,000) (Cell Signaling Technology), rabbit polyclonal anti-Bcl-2 (1:1,000) (Cell Signaling Technology), rabbit polyclonal anti-SORT1 (1:1,000) (Abcam), and goat polyclonal β-actin (1:6,000) (Santa Cruz Biotechnology). Rat recombinant progranulin (r-PGRN) treatment reduced neuronal apoptosis and progranulin (PGRN) deficiency promoted neuronal apoptosis at 24 hr after subarachnoid hemorrhage (SAH). A and B, Total number of terminal deoxynucleotidyl transferase-mediated uridine 5′-triphosphate-biotin nick-end labeling (TUNEL) and NeuN double-stained cells significantly increased in vehicle and scramble siRNA group at 24 hr after SAH. However, it was reduced by high dosage r-PGRN treatment but increased to even higher level after administration of PGRN siRNA. n = 4 for each group. *p < 0.05 versus sham; #p < 0.05 versus SAH + vehicle; &p < 0.05 versus SAH + scramble siRNA. Scale bar = 50 μm.
Immunoblots were processed with appropriate secondary antibodies (1:4,000; Santa Cruz Biotechnology) for 2 hours at room temperature. Bands were visualized after incubating the membranes with the ECL Plus chemiluminescence reagent kit (Amersham Bioscience, Arlington Heights, IL). The signal density was quantified using Image J (National Institutes of Health, Bethesda, MD). Results were exhibited as relative density ratio, normalized to the average value of the sham group.
Statistical Analysis
Data are expressed as a mean ± sd. All data were analyzed by oneway analysis of variance followed by Tukey post hoc test. p Value of less than 0.05 was considered statistically significant. All statistical analyses were performed using GraphPad Prism for Windows (GraphPad Software, La Jolla, CA).
RESULTS
No significant changes of the physiological variables (body temperature, blood gases, and body weight) were observed between different experimental groups (data not shown). For SAH animal model, filament puncture induced extensive bleeding, which was particularly pronounced on the left side, around the Circle of Willis and along the ventral brain stem (Supplemental Fig. 1A , Supplemental Digital Content 1, http://links.lww.com/CCM/B322). At 24 hours post hemorrhage, the SAH grading was 12.8 ± 2.1 out of a possible 18 in the SAH groups (n = 12) (Supplemental Fig. 1B , Supplemental Digital Content 1, http://links.lww.com/CCM/B322).
Expression of PGRN After SAH
The results of Western blot for PGRN protein expression in cerebral cortex showed that PGRN was highly expressed in sham animals and started to decrease at 3 hours after SAH with a lowest peak at 24 hours after SAH (Fig. 1A) . The morphological studies further confirmed that the expression of PGRN was mainly in neurons (Fig. 1B) while almost negatively expressed neither in astrocytes or microglias in cerebral cortex (Supplemental Fig. 2 , Supplemental Digital Content 1, http://links.lww.com/CCM/B322). At 24 hours after SAH, the number of PGRN positive neurons dramatically decreased compared with that of sham group (Fig. 1B) .
Effect of r-PGRN on Brain Edema and Neurologic Function After SAH
Two dosages of r-PGRN (1.0 ng/5 μL and 3.0 ng/5 μL) were administrated intracerebroventricularly at 1.5 hours after SAH. Neurologic score and brain water content were measured. As indicated in Figure 2A , neurobehavioral function impairment was evident in SAH group compared with sham group at both 24 and 72 hours after SAH (p < 0.05, n = 6). Post-SAH administration of high dosage r-PGRN significantly ameliorated neurobehavioral deficits at 24 hours after SAH (p < 0.05 vs SAH + vehicle, n = 6). Accordingly, brain water content significantly increased in the left and right hemisphere at both 24 and 72 hours after SAH (p < 0.05 vs sham, n = 6) (Fig. 2B) . High dose of r-PGRN treatment significantly decreased the water content of the left hemisphere at both 24 and 72 hours (p < 0.05 vs SAH + vehicle, n = 6) (Fig. 2B) .
Knockdown of Endogenous PGRN Aggravated
Neurologic Deficits After SAH PGRN siRNA was administrated by intracerebroventricularly at 24 hours before SAH induction to efficiently knock down the protein. Neurologic score evaluation was also performed at 24 hours after SAH. As shown in Figure 3A , PGRN expression decreased at 24 hours after SAH. PGRN expression continued to decrease after PGRN siRNA administration, compared with that from vehicle and scramble siRNA group at 24 hours after SAH (p < 0.05; n = 6). Knockdown of endogenous PGRN significantly aggravated neurologic deficits at 24 hours after SAH (p < 0.05 vs SAH + scramble siRNA; n = 6 (Fig. 3B). r-PGRN Treatment and PGRN Deficiency on Neuronal Apoptosis After SAH NeuN/TUNEL double immunofluorescence staining was performed to evaluate neuronal apoptosis. The total number of TUNEL and NeuN double-stained cells significantly increased in vehicle and scramble siRNA groups at 24 hours after SAH (p < 0.05 vs sham; n = 4 (Fig. 4) . TUNEL-positive neurons were reduced after treatment of high dose of r-PGRN at 24 hours after SAH (p < 0.05 vs SAH + vehicle; n = 4) but increased after administration of PGRN siRNA (p < 0.05 vs SAH + scramble siRNA; n = 4).
PGRN on Akt, Bcl-2, and CC-3 Levels After SAH
As shown in Figure 5A -C, the expression of p-Akt and Bcl-2 but not p-Erk significantly decreased at 24 hours after SAH (p < 0.05 vs sham, n = 6), whereas administration of high-dose r-PGRN reversed the decline of both p-Akt and Bcl-2 expression (p < 0.05 vs SAH + vehicle; n = 6). The protein expression of CC3 significantly increased at 24 hours after SAH, while administration of r-PGRN reduced its expression (p < 0.05 vs SAH + vehicle; n = 6) (Fig. 5D) . As shown in Figure 5 , A and C, PGRN siRNA aggravated the decrease of both p-Akt and Bcl-2 expression (p < 0.05 vs SAH + scramble siRNA; n = 6). The expression of CC3 increased to an even higher level at 24 hours after SAH in PGRN siRNA group (p < 0.05 vs SAH + scramble siRNA; n = 6 (Fig. 5D) .
Knockdown of SORT1 Abolished the Effects of r-PGRN After SAH
SORT1 was identified as a high affinity and specific binding factor of PGRN, which mediating the endocytosis and delivery of PGRN (23, 24) . SORT1 siRNA was administrated intracerebroventricularly at 24 hours before SAH induction. As indicated in Figure 6A , SORT1 siRNA could efficiently knockdown the protein. r-PGRN treatment increased p-Akt and Bcl-2, and decreased CC3 compared with vehicle group (p < 0.05; n = 6) ( Fig. 6B-D) . SORT1 siRNA remarkably abolished the up-regulation of p-Akt and Bcl-2 and down-regulation of CC3 after r-PGRN administration (p < 0.05 vs SAH + r-PGRN + scramble siRNA; n = 6) ( Fig. 6B-D) . Additionally, the improvement of neurologic deficit by r-PGRN was also reversed by SORT1 siRNA (p < 0.05 vs SAH + r-PGRN + scramble siRNA; n = 6) (Supplemental Fig. 3 , Supplemental Digital Content 1, http:// links.lww.com/CCM/B322).
DISCUSSION
Recent studies reported that neuronal apoptosis was involved in the pathogenesis of early brain injury and antiapoptosis treatment may be beneficial in experimental or clinical SAH (3, 4) . The results from this study indicated that PGRN exerted an important neuroprotective role after SAH. PGRN deficiency aggravated neuronal apoptosis and neurologic deficits, whereas r-PGRN treatment remarkably decreased neuronal apoptosis and improved neurologic function after SAH. rPGRN promoted Akt activation, increased Bcl-2, and reduced caspase-3 level at 24 hours after PGRN, a glycosylated protein secreted by a variety of cells, participates in diverse pathophysiologies, such as wound healing, inflammation, tumorigenesis, and development (7, 8) . The potential role of PGRN in CNS especially after stroke began to attract attention recently (15, 16) . After developmental stage, PGRN is expressed in specific neuronal populations, such as cortical and hippocampal pyramidal neurons (9) . Null mutations of PGRN gene was considered as a cause of FTLD (10, 11) , whereas PGRN levels reduced in the cerebrospinal fluid of FTLD patients with a PGRN mutation, and exogenous PGRN promoted neuronal survival and enhanced neurite outgrowth in cultured neurons. Furthermore, it has been reported that PGRN can rescue cortical neurons from cell death induced by glutamate or oxidative stress (13) . In the present study, we observed that the expression of PGRN decreased and reached the lowest point at 24 hours after SAH, consistent with the observation in a cerebral ischemia model (16) . More importantly, r-PGRN treatment significantly decreased neuronal apoptosis and improved neurologic function after SAH, while PGRN deficiency aggravated neuronal apoptosis and neurologic deficits. All of these results supported a neuroprotective role of PGRN in the brain.
The potential mechanisms underlying the neuroprotective effect of PGRN was investigated previously in cell cultures. Extracellular PGRN stimulated phosphorylation/activation of the neuronal mitogen-activated protein kinase/extracellularregulated protein kinase kinase/ERK and phosphatidylinositol-3 kinase/Akt cell survival pathways and rescued cortical neurons from cell death induced by glutamate or oxidative stress (13) . In this study, we observed that administration of r-PGRN after SAH significantly enhanced the expression of p-Akt accompanied by the increase of Bcl-2 expression and reduction of CC3 expression. Knockdown of PGRN by siRNA decreased Akt expression and aggravated CC3 activation. Based on these data, it is likely that r-PGRN enhanced Akt-related cell survival and antiapoptosis effects in neurons after SAH. In addition, SORT1 has recently been identified as a high affinity and specific binding factor of PGRN and mediating the endocytosis and delivery of PGRN (23, 24) . We used SORT1 siRNA as an intervention to explore its role in the effect of r-PGRN treatment. SORT1 siRNA remarkably abolished the effect of r-PGRN on up-regulation of p-Akt, Bcl-2, and down-regulation of CC3. Furthermore, the improvement of neurologic function by r-PGRN was also reversed by SORT1 siRNA. Taken together, it is likely that the neuroprotective effect of r-PGRN after SAH may be mediated by SORT1 and involved Akt pathways (more details shown in Supplemental Fig. 4 , Supplemental Digital Content 1, http://links.lww.com/CCM/B322).
There are some limitations in this study. First, we cannot exclude the possibility that anti-inflammation may play a role in the neuroprotective effect of PGRN (13, 14) . In addition, it has recently been reported that PGRN deficiency leads to major alterations in blood-brain barrier (BBB) structure and function that predispose PGRN-knockout mice to BBB breakdown and increased ischemic brain injury, implying that PGRN also has an important vasoprotective effect (25) . Thus, the link between different protective effects of PGRN needs to be considered in future studies.
In conclusion, we suggest that PGRN plays a neuroprotective role after SAH that r-PGRN may have potentials to reduce early brain injury via SORT1-mediated and Akt-related antiapoptosis pathways.
